Abstract. Accumulating evidence suggests that celecoxib and artemisinin could mediate ovarian cancer development and metastasis. The present study investigated the effects of celecoxib and artemisinin on the epithelial-mesenchymal transition (EMT) characteristics of the human ovarian epithelial adenocarcinoma cell line, SKOV3. SKOV3 cells were incubated with celecoxib (10 µM) for different periods of time to establish an EMT cell model. Subsequently, artemisinin (20, 40 and 80 µM) was used to establish a cell model of the reverse process, mesenchymal-epithelial transition (MET). Cell proliferation, metastasis, invasiveness and the expression of vimentin and E-cadherin were measured using Cell Counting Kit-8, wound healing assay, western blotting, flow cytometry and immunofluorescence. The EMT cell model exhibited enhanced proliferative capacity, increased migration, increased vimentin expression and decreased E-cadherin expression. By contrast, artemisinin decreased proliferative capacity, decreased migration, decreased vimentin expression and increased E-cadherin expression of EMT model cells, indicating that MET was induced. These results demonstrated that artemisinin may reverse celecoxib-induced epithelial-mesenchymal transition in SKOV3 cells.
Introduction
Ovarian cancer has the highest mortality of reproductive system tumors; most patients have already progressed to a late stage when diagnosed due to the high invasiveness and recurrence of ovarian tumors (1) (2) (3) (4) . Epithelial-mesenchymal transition (EMT) is the biological process during which epithelial cells acquire abnormal motor forces due to specific environmental changes or pathological factors, and transform from an epithelial phenotype to an interstitial phenotype (5, 6) . A previous study has demonstrated that 90% of ovarian cancers are epithelial and that EMT is associated with the metastasis and recurrence of malignant tumors (7) . Therefore, understanding EMT is crucial for elucidating the mechanisms that induce ovarian cancer metastasis.
Celecoxib is a non-steroidal anti-inflammatory drug commonly used for the treatment of fever, pain, stiffness and swelling (8) . Previous studies have confirmed that celecoxib regulates the cell cycle, promotes apoptosis, inhibits angiogenesis and induces EMT in epithelial cancers, such as lung cancer, thus affecting the development of tumors (9, 10) . Artemisinin and its derivatives (collectively termed as artemisinins) are among the most important and effective antimalarial drugs. In addition to their antimalarial effects, artemisinins have also been demonstrated to possess selective anticancer properties. These effects appear to be mediated by artemisinin-induced changes in multiple signaling pathways, interfering simultaneously with multiple hallmarks of cancer (11) . Artemisinin exhibits strong antitumor activity, although it is unclear whether artemisinin can reverse EMT (11, 12) . In the present study, an EMT model of ovarian cancer cell line SKOV3 cells induced by celecoxib was established in vitro; subsequently, mesenchymal-epithelial transition (MET) was induced by artemisinin. The effects of artemisinin on molecular biological characteristics of the two models and EMT were analyzed. The present study has laid a foundation for the study of genes and signal transduction pathways that are affected by artemisinin during the development and progression of ovarian cancer and is of great clinical significance for future research of artemisinin as an anti-ovarian cancer drug. Establishment of cell models. SKOV3 cells were suspended and cultured in 2 ml of culture medium at the final concentration of 5x10 5 cells/ml. After the cells were stably anchored overnight, the medium was discarded and 2 ml complete medium containing 10 µM celecoxib (Shanghai Macklin Biochemical Co., Ltd.) was added to the flask (10) . Following incubation with celecoxib for 12, 24, 36, 48 or 72 h at 37˚C, an EMT model of SKOV3 cells was established. Untreated SKOV3 cells were used as controls. The EMT cell model with 48-h incubation period (highest proliferation rate confirmed by cell viability assay) was selected as the 'control' EMT model for subsequent experiments. Cells (i.e. EMT model) were resuspended at a final concentration of 5x10 5 cells/ml in 6 ml, of which 2 ml were inoculated into a new flask resulting in a total of three flasks. The cells were incubated overnight, the culture medium was discarded and 20, 40 and 80 µM artemisinin (Melone Pharmaceutical Co., Ltd.) were added to the culture flask with a total volume of 2 ml. A MET cell model was established following 48-h incubation with artemisinin.
Materials and methods

Cell
Cell viability assay. Cell viability was assessed using a Cell Counting Kit-8(CCK-8; Biosharp). Untreated SKOV3 control cells, cells treated with 10 µM celecoxib for 48 h (EMT model) and further treated with 20, 40 and 80 µM artemisinin for 48 h (MET cell model) were harvested and resuspended at a final concentration of 5x10 3 cells/ml and seeded into 96-well plates. Subsequently, 10 µl CCK-8 solution was added to each well, and the plates were incubated at 37˚C for 2 h. Optical density (OD) values were measured at 450 nm using a microplate reader (Biotex, Inc.). Cell viability was calculated as follows: Cell viability (%) = (OD of experimental group -OD of blank group) / (OD of control group-OD of blank group) x 100. The experiments were repeated at least five times.
Wound healing assay.
Cells from all models were plated in 6-well plates at a density of 5x10 5 cells/well. When cell confluence reached 90%, vertical scratches were formed in the cell layer by using a 10 µl pipette tip. Floating cells were removed by washing with PBS. Culture medium without FBS was added to the cells, and cells were incubated at 37˚C with 5% CO 2 and saturated humidity for 48 h. Cell migration was observed at 0 and 48 h. The scratch-healing areas were calculated using ImageJ 1.8.0 (National Institutes of Health) and the following formula: Scratch-healing (%) = (initial scratch area-final scratch area) /initial scratch area x 100. The experiments were repeated at least three times.
Protein extraction and western blot analysis.
The flasks with cells were washed three times with ice cold PBS and total protein was harvested in RIPA lysis buffer (Beyotime Institute of Biotechnology) containing PMSF (1:100). A bicinchoninic acid protein assay kit (Beyotime Institute of Biotechnology) was used to determine protein concentrations. Proteins (30 µg) were separated by SDS-PAGE on 10% gels and transferred to a PVDF membrane (Beyotime Institute of Biotechnology). The membranes were blocked with 5% skimmed milk in TBS containing Tween-20 (TBST) for 1 h at 37˚C and incubated with primary antibodies against vimentin (polyclonal; cat. no. ABP52699; 1:1,000; Abbkine Scientific Co., Ltd.) and E-cadherin (polyclonal; cat. no. ABP51221; 1:1,000; Abbkine Scientific Co., Ltd.) overnight at 4˚C. Following washing three times with TBST, the membrane was incubated with horseradish peroxidase-conjugated goat anti-rabbit IgG antibody (cat. no. BL003A; 1:8,000; Biosharp; Beijing Lanjieke Technology Co., Ltd.) at 37˚C for 1 h. E-cadherin and vimentin were visualized using an electrochemiluminescence chromogenic kit (Beyotime Institute of Biotechnology) in a dark room. Densitometry was performed using ImageJ 1.8.0. The experiments were repeated at least three times.
Flow cytometric analysis. SKOV3 cells were plated in 6-well plates at a density of 5x10 5 cells/well and allowed to attach overnight prior to treatment (i.e. induction into EMT and MET models). Cells were harvested, fixed with 4% paraformaldehyde (Sigma-Aldrich; Merck KGaA) for 30 min at 25˚C, and permeabilized with 0.1% Triton X-100 (Sigma-Aldrich; Merck KGaA) in PBS for 20 min at room temperature. The cells were blocked with 5% goat serum (Hangzhou Sijiqing Biological Engineering Materials Co., Ltd.) and 0.3% Triton X-100 in PBS for 30 min at 37˚C, incubated with the primary antibodies against vimentin and E-cadherin (polyclonal; 1:1,000; AbbkineScientific Co., Ltd.) for 30 min at 37˚C and further incubated with FITC-labeled goat anti-rabbit IgG (cat. no. BL033A; 1:50; Biosharp; Beijing Lanjieke Technology Co., Ltd.) for 30 min at 37˚C. Labeled cells were detected using a Cytomics FC 500 flow cytometer (BD Biosciences). The average fluorescence intensity was analyzed using FlowJo 7.6 software (BD Biosciences). The experiments were repeated at least three times.
Immunofluorescence staining and confocal imaging. SKOV3 cells were plated onto coverslips in 6-well plates at a density of 1x10 5 cells/well and allowed to attach overnight prior to treatment. The coverslips were fixed with 4% paraformaldehyde for 30 min at room temperature and permeabilized with 0.1% Triton X-100 in PBS at room temperature for 20 min. The coverslips were blocked in 5% goat serum and 0.3% Triton X-100 in PBS at 37˚C for 30 min, incubated with the primary antibodies against vimentin (polyclonal; cat. no. ABP52699; 1:1,000; AbbkineScientific Co., Ltd.) and E-cadherin (polyclonal; cat. no. ABP51221; 1:1,000; Abbkine Scientific Co., Ltd.) at 37˚C for 30 min and further incubated with FITC-labeled goat anti-rabbit IgG (cat. no. BL033A; 1:50; Biosharp; Beijing Lanjieke Technology Co., Ltd.) at 37˚C for 30 min. DAPI (Beyotime Institute of Biotechnology) was added to the coverslips and incubated in the dark at room temperature for 10 min. The coverslips were washed with PBS and mounted onto slides with glycerol:water (1:1). An Olympus FV-1200MPE SHARE confocal microscope (Olympus Corporation) was used to visualize the cells. Images were processed and quantified using ImageJ. The experiments were repeated at least three times.
Statistical analysis. Data are presented as the mean ± standard deviation. SPSS software (version 16.0 for Windows; SPSS, Inc.) was used for statistical analysis. Data were analyzed with one-way analysis of variance and Student's t-test. The least significant difference test was used as a post hoc test for comparison between multiple groups. P<0.05 was considered to indicate a statistically significant difference.
Results
SKOV3 cell proliferation was promoted by celecoxib and suppressed by artemisinin.
To assess the effect of celecoxib and artemisinin on SKOV3 cell proliferation, cell viability was tested using CCK-8. SKOV3 cells were incubated with 10 µM celecoxib for 0, 12, 24, 36, 48 and 72 h, which resulted in cell viability values of 1,1.01±0.02, 1.03±0.01, 1.06±0.02, 1.12±0.05, and 1.11±0.07, respectively (Fig. 1A) . SKOV3 cells incubated with celecoxib for 48 h exhibited the highest viability; thus, the 48 h incubation period was chosen as optimal for the EMT cell model for subsequent experiments. The cell viability values of the EMT and MET cell models (20, 40 and 80 µM artemisinin; 48 h) were 1.12±0.05, 0.69±0.11, 0.58±0.39, 0.34±0.58, respectively (P<0.01; Fig. 1B) . These results indicated that celecoxib promoted cell viability in a time-dependent manner, whereas artemisinin inhibited cell viability in a dose-dependent manner.
SKOV3 cell migratory ability was promoted by celecoxib and inhibited by artemisinin.
To evaluate the potential role of celecoxib and artemisinin on the migratory ability of SKOV3 cells, wound healing assay was performed. The scratch-healing rates were 0.25±0.01 in the control group and 0.53±0.02 following 48-h 10 µM celecoxib treatment, which indicated that cell migration was significantly increased in the EMT model (P<0.01; Fig. 2B ). Cell migration was significantly decreased in the MET model (10 µM celecoxib for 48 h and 20, 40 and 80 µM artemisinin for 48 h) compared with the EMT model (P<0.05) with scratch-healing rates of 0.36±0.01,0.26±0.01, and 0.23±0.01, respectively (Fig. 2C) . These results indicated that, in SKOV3 cells, celecoxib may promote migratory ability, whereas artemisinin may inhibit migratory ability.
Celecoxib and artemisinin exhibit opposite effects on E-cadherin and vimentin protein expression in SKOV3 cells.
Western blotting (Fig. 3), flow cytometry (Fig. 4) and immunofluorescence (Fig. 5) were used to evaluate whether celecoxib and artemisinin affect E-cadherin and vimentin expression in SKOV3 cells. The results demonstrated that celecoxib reduced the expression of E-cadherin and increased the expression of vimentin (Figs. 3A, 4A and 5A ), whereas artemisinin increased the expression of E-cadherin and reduced the expression of vimentin (Figs. 3B, 4B and 5B) in a dose-dependent manner (P<0.05).
Discussion
Ovarian cancer the highest mortality rates amongst gynecological malignancies. Metastasis, drug resistance, and recurrence are important factors leading to patient mortality (1) . At present, the clinical treatment of ovarian cancer is a multidisciplinary comprehensive process, and cytoreductive surgery combined with platinum-based chemotherapy is the current standard treatment (13) (14) (15) (16) . However, the ovarian tissue of patients with ovarian cancer gradually increases its tolerance to anticancer drugs, which results in ineffective treatment (17) . The selective cyclooxygenase-2 (COX-2) inhibitor and non-steroidal anti-inflammatory drug celecoxib can promote the growth, proliferation and migration of epithelial cancer cells (10) . Celecoxib induces EMT and increases the cellular invasiveness in epithelial ovarian cancer cells by activating the PI3K/AKT and mitogen-activated protein kinase kinase/ERK signaling pathways, in which zinc finger E-box binding homeobox 1is an important regulator (10, 18) . Liu et al (9) demonstrated that 10 µM celecoxib treatment in ovarian cancer A2780 and SKOV3 cells for 48 h increased invasiveness compared with untreated ovarian cancer cells independently of the COX-2 inhibitory activity of celecoxib; however, the in vitro celecoxib concentration was higher compared with the maximum blood concentrations in human. Celecoxib used in the range of 5-15 µM, which is close to physiologically relevant conditions, did not induce physiological damage to ovarian cancer cells (9) . Based on these results, 10 µM celecoxib was chosen for use in the present study, consistent with other references (19, 20) . In addition, a clinical study has demonstrated that patients with ovarian cancer with significantly increased COX-2 expression exhibit significantly lower E-cadherin expression (21) , which suggests that celecoxib may induce EMT in ovarian cancer cells. In addition to celecoxib, TGF-β1 is also a potential factor that affects various biological activities such as proliferation, differentiation, and immune regulation of cancer cells (19) . TGF-β1 has been identified as the inducing factor of EMT (19, 22) . However, TGF-β1 stably induces EMT for a prolonged period of time (~2 weeks) (23), whereas, celecoxib induces EMT for only 48 h (19) . Artemisinin is an antimalarial drug that also exhibits anticancer activity by inhibiting the proliferation, blocking the cell cycle and promoting apoptosis in cancer cells (24) . One study has demonstrated that artemisinin and its derivatives have inhibitory effects on 68 different solid tumors and 24 blood-derived malignant tumors (25) . Consistent with these results, the present study demonstrated that the EMT cell model exhibited increased cell proliferation compared with untreated SKOV3 cells, and that artemisinin decreased the cell proliferation.
The invasive and metastatic ability of ovarian cancer cells and drug resistance are associated with EMT (26) (27) (28) (29) . EMT is a common pathological feature of gastric, colorectal and lung cancer, as well as other malignant tumors (30) . EMT affects the morphology of tumor cells, which exhibit pleomorphism, numerous pseudopods, loss of cell polarity and enlarged or multiple nuclei; such morphological features contribute to cell invasion and migration (31) . The expression of certain proteins in tumor cells changes during the process of EMT; E-cadherin is a molecular marker of epithelial cells that is localized at the cell membrane, where its extracellular fragments form dimers with adjacent cells, and its intracellular fragments form complexes with related proteins to form an adhesion junction between tumor cells (32, 33) . Vimentin is marker protein expressed in interstitial cells that reduces adhesion between tumor cells, and increases migration and invasiveness (32, 33) . In the present study, EMT models exhibited increased vimentin expression and decreased E-cadherin expression, whereas artemisinin reduced vimentin expression and increased E-cadherin expression in a dose-dependent manner. In addition, previous studies have demonstrated that the artemisinin derivative, artesunate, upregulates the expression of genes that inhibit invasion and migration of tumor cells and can, thus, inhibit the invasion and metastasis of renal cancer (34, 35) . The present study used the wound healing assay to analyze the migration of EMT and MET models and demonstrated that the scratch healing rate of the EMT model was higher compared with control cells or the MET model. These results suggested that artemisinin may reverse and inhibit the EMT process of ovarian cancer cells in a dose-dependent manner.
As a proprietary Chinese medicine, artemisinin is abundant and inexpensive and exhibits low toxicity and high efficiency. Artemisinin not only inhibits the proliferation of cancer cells, but also reverses EMT of tumor cells, blocking their activity (11) . Although a number of studies on the antitumor effect of artesunate with scorpion toxin or camptothecin, and other chemotherapeutic drugs have been published, these treatments have only been applied in vitro or in animals and, thus, its clinical value remains to be further explored (36, 37) . At present, only a small number of studies have investigated the mechanisms of MET. Jeong et al (34) demonstrated that artesunate effectively inhibits the invasion and metastasis of renal cell carcinoma in vivo and in vitro, and downregulates focal adhesion kinase, epidermal growth factor receptor and proto-oncogene c-Met; the sarcoma gene Src is also involved in these processes. In embryonal rhabdomyosarcoma, artesunate effectively inhibits the migration and invasion of tumor cells by upregulating the expression of the cell adhesion molecules neural cell adhesion molecule 1 and integrin β1 (35) .
Artesunate significantly inhibits the migratory and invasive abilities of esophageal squamous cell carcinoma KYSE-150 cells (38) . Artesunate can increase the adhesion of tumor cells and the roughness of the cell membrane, as well as reduce the elasticity of the cell membrane (38) . In addition, artesunate inhibits the migration of ovarian cancer cells in vitro by inhibiting the TGF-β/WNT signaling pathway (39) . In vivo and in vitro experiments in HepG2 and SMMC-7721 cells have revealed that artemisinin significantly inhibits tumor invasion and metastasis through a mechanism associated with upregulation of E-cadherin and tissue inhibitor of metallopeptidase 2 expression and downregulation of metallopeptidase (MMP) 2 expression (40) . Dihydroartemisinin inhibited the metastasis of human ovarian cancer HO8910PM cells by downregulating the expression of MMP2 and MMP9, and inhibited EMT induced by platinum-based drugs via the AKT/Snail signaling pathway (41, 42) .
The present study has established a basis for further investigation of the molecular mechanism of artemisinin in relation to EMT. The possibility that the reversal of EMT during ovarian cancer (i.e. MET) may delay the occurrence of multidrug resistance or even reverse drug resistance may be of great clinical significance in the future.
